We knocked out the gene encoding the C. elegans G␤ 5 ortholog, Current Biology 2001, 11:222-231 GPB-2, to determine its physiological roles in G protein signaling. The gpb-2 mutation reduces the functions of EGL-10 and EAT-16 to levels knockout animals are viable, and exhibit no obvious defects beyond those that can be attributed to a reduction of EGL-10 or EAT-16 function. GPB-2 protein is nearly absent in eat-16; egl-10 double mutants, and EGL-10 protein is severely diminished in gpb-2 mutants.
Background prenylated G␥ subunits. In contrast, a significant amount of the G␤ 5 found in both the brain and the retina is located Heterotrimeric G proteins, composed of ␣, ␤, and ␥ subunits, mediate the effects of a large number of extracelluin the cytosol [7] . Like G␤ 1 -G␤ 4 , G␤ 5 can bind certain G␥ proteins in vitro and can form functional G␤␥ dimers lar signaling molecules including hormones and neurotransmitters [1] . Activated cell surface receptors initiate when overexpressed with G␥ proteins in COS-7 cells [6, 7, 9, 10]. While G␤ 5 G␥ complexes can regulate certain G protein signaling by inducing the associated G protein to bind GTP, thus promoting the dissociation of the ␣ effectors controlled by conventional ␤␥ dimers such as PLC␤2 [6, 7] and adenylyl cyclase [11], they do not influsubunit from a highly stable ␤␥ dimer. Both the GTPbound ␣ subunit and the ␤␥ complex are active intracelluence the activities of the conventional ␤␥ effectors MAP kinase and JNK kinase [9] . G␤ 5 G␥ complexes are also lar signaling molecules. The signal transmitted through an activated G protein is terminated upon hydrolysis of less stable than conventional G␤ 1 -G␤ 4 /G␥ complexes and can be separated under mild detergent conditions [12] . bound GTP, returning the G protein to its inactive, heterotrimeric form.
It remains to be demonstrated whether G␤ 5 can form functional complexes with G␥ proteins in vivo.
Five G␤ subunits have been identified in mammals [2] [3] [4] [5] [6] [7] [8] .
The G␤ 1 through G␤ 4 proteins show a high degree of G␤ 5 , but not G␤ 1 -G␤ 4 , can also bind a subset of mammalian RGS proteins that contain a conserved domain known conservation and are ‫%08ف‬ identical to one another at the amino acid level [5] . G␤ 5 , however, differs from the as the G gamma-like or GGL domain [13, 14] . RGS proteins, discovered through genetic experiments [15] [16] [17] , other G␤ subunits in several ways. The sequence of G␤ 5 is only about 50% identical to those of G␤ 1 -G␤ 4 [6] [7] [8] . G␤ 5 are inhibitors of G protein signaling that enhance the GTPase activity of G␣ subunits [18] [19] [20] [21] . All RGS proteins expression is restricted primarily to the central nervous system, while the other G␤ subunits are ubiquitously contain a conserved region of ‫021ف‬ amino acids known as the RGS domain. This domain is required for GTPaseexpressed. G␤ 1 through G␤ 4 subunits are associated with cellular membranes through their tight association with activating protein (GAP) activity [22] . The association of G␤ 5 with GGL-containing RGS proteins is observed both in vitro [13, 14, 23] and in vivo [24] [25] [26] [27] [28] . Binding studies have shown that the GGL domain of these RGS proteins can direct their association with G␤ 5 [13, 14, 23] . A longer form of G␤ 5 , known as G␤ 5L , is found exclusively in the rod outer segment (ROS) of mammalian retinas. G␤ 5L is identical to G␤ 5 , except that it contains an additional 42 amino acids at the amino terminus [7] . RGS9, the RGS protein responsible for terminating visual signaling, can bind G␤ 5L [25] . The retinas of RGS9 knockout mice lack detectable G␤ 5L but retain normal levels of G␤ 5 mRNA, suggesting that the loss of RGS9 destabilizes the G␤5 protein [28] .
Schematic representation of the opposing G protein signaling G␤ 5 has never been removed from cells by mutation.
pathways that control egg-laying and locomotion behaviors in C.
There have been several reports, however, in which other
elegans. Signaling through cell surface receptors activates the G␣ methods were used to investigate the influence of G␤ 5
and G␣ q proteins (GOA-1 and EGL-30, respectively). GOA-1 activity inhibits egg laying and locomotion, whereas EGL-30 has the opposite on RGS activity, yielding a complex set of results. When effects on these behaviors. Genetic experiments show that the RGS G␤ 5 and RGS7 were expressed in rabbit reticulocyte lyprotein EGL-10 is a specific inhibitor of GOA-1 activity and that the sates, G␤ 5 appeared to inhibit the ability of RGS7 to bind RGS protein EAT-16 is a specific inhibitor of EGL-30. The level of G␣ , suggesting that G␤ 5 might inhibit RGS activity [14] .
behavior exhibited by an individual animal is determined by the balance of GOA-1 and EGL-30 signaling.
In Xenopus oocytes, however, it appeared that expression of G␤ 5 inhibited signaling, apparently by increasing RGS activity [29] . A recent report using RGS protein fragments suggested that the GGL domain and associated G␤ 5 subthe C. elegans ortholog of G␤ 5 , gpb-2. These are the first unit mediate a modulatory effect on the GAP activity of experiments that remove a G␤ 5 protein from cells to rigor-RGS9 by the effector subunit PDE␥, and that this effect ously determine its physiological roles. We analyzed the can be either positive or negative [30] . G␤ 5 has also been effects of the gpb-2 mutation on the activity of the two suggested to alter the G␣ target specificity of RGS pro-GGL-containing RGS proteins present in C. elegans, EGLteins. Purified complexes of G␤ 5 with RGS6, 7, or 11 10 and EAT-16. We found that the loss of GPB-2 dramatiexpressed in the baculovirus system were active as G␣ cally reduced the ability of both EGL-10 and EAT-16 to GAPs and showed high selectivity for G␣ o , whereas noninhibit their respective G␣ targets. Thus, GPB-2 is re-GGL-containing RGS proteins do not show such selectivquired for RGS-mediated inhibition of both G␣ o and G␣ q ity [13, 31] . In another report, however, RGS7-G␤ 5 comsignaling in vivo. Direct analysis of the GPB-2 and RGS plexes did appear to regulate G␣ q signaling in transfected proteins also demonstrated that these molecules interact CHO cells [26] .
in vivo. gpb-2 mutant animals exhibited a severe reduction in the abundance of EGL-10. Similarly, animals lacking Only two RGS proteins in Caenorhabditis elegans, EGL-10 EGL-10 and EAT-16 exhibited severely lower GPB-2 and EAT-16, contain a GGL domain and are similar in levels than those found in wild-type animals. Together, structure to the mammalian RGS proteins that bind G␤ 5 these results suggest that dimerization is required for the [17, 32] . Sequence comparisons suggest that EGL-10 is in vivo expression or stability of both GPB-2 and the RGS the C. elegans ortholog of RGS7, while EAT-16 has no proteins. Additionally, they indicate that most or all GPB-2 clear mammalian ortholog. Epistasis experiments have protein exists in vivo dimerized with either EGL-10 or shown that EGL-10 specifically inhibits signaling by the EAT-16, and that these RGS proteins exist in vivo entirely G␣ protein GOA-1, which in turn inhibits egg-laying and or almost entirely dimerized with GPB-2. Further suplocomotion behaviors, while EAT-16 specifically inhibits porting these conclusions, gpb-2 mutants are viable and signaling by the G␣ protein EGL-30, which has the oppohealthy and appear to have no defects other than those site effects as GOA-1 ( Figure 1 ) [17, 32] . GOA-1 and present in egl-10 and eat-16 mutants. GPB-2 may therefore EGL-30 are orthologs of mammalian G␣ o and G␣ q , respechave no functions other than those it carries out with tively and are each ‫%08ف‬ identical to their human coun-GGL-containing RGS proteins. terparts [33] . The balance of signaling between these two opposing pathways determines the overall egg-laying and
Results
locomotion behaviors of the animal, and shifts in this GPB-2 is the C. elegans ortholog of mammalian G␤ 5 balance can be measured in behavioral assays.
Analysis of the complete C. elegans genome sequence identified two G␤ genes, gpb-1 and gpb-2. The GPB-1 protein shares more than 80% identity with mammalian G␤ 1 -G␤ 4 Here, we report the isolation of a knockout mutation in GPB-2 localization in wild-type animals. Wild-type animals were stained by indirect immunofluorescence using affinity-purified subunits, but only about 50% identity with the G␤ 5 subantibodies against GPB-2, and examined by confocal microscopy. (a)
unit. Conversely, GPB-2 is only 50% identical to G␤ 1 -G␤ 4 ,
Image of the head region showing the localization of GPB-2 to the but is 63% identical to G␤ 5 . Molecular modeling has idennerve ring (short arrow) and the ventral nerve cord that runs the length tified three residues in G␤ 5 that differ from the corre- residue found in G␤5 rather than that found in G␤ 1 -G␤ 4 .
The long arrow indicates the position of the ventral nerve cord. Anterior GPB-2 thus appears to represent the C. elegans ortholog is left and ventral faces front in this image.
of mammalian G␤ 5 .
Mammals contain two G␤ 5 isoforms, G␤ 5 and G␤ 5L , whose
GPB-2 localization extensively overlaps that of EGL-10
only difference is an N-terminal extension of 42 amino and EAT-16 in neurons acids [7] . Analogously, GPB-2 also appears to have two Antibodies were raised against the region common to the isoforms. Sequence analysis of two independent cDNA long and short forms of GPB-2, and were used to deterclones and of both 5Ј and 3Ј rapid amplification of cDNA mine the localization of GPB-2 in wild-type animals. We ends (RACE) products identified only a single gpb-2 tranobserved GPB-2 antibody staining in most or all neurons, script. This transcript, however, has two AUG codons near concentrated in neural processes where most chemical its 5Ј end, the most 5Ј of which does not conform well to synapses occur. Staining was observed in the nerve ring the consensus for translation start sequences. Use of these and ventral nerve cord (Figure 3a) , as well as in the dorsal alternative translation start sites could give rise to two nerve cord (data not shown). This staining was specific GPB-2 isoforms differing by 14 amino acids (Figure 2 ), for GPB-2, as no neural staining was observed in gpb-2 although this N-terminal extension does not show similarmutant animals (data not shown). GPB-2-specific staining ity with that of mammalian G␤ 5L . We show below that was also observed in a large number of neural cell bodies two protein forms are detected in worm extracts, the sizes located on either side of the nerve ring ( Figure 3b ). Interof which can be accounted for by use of the alternative estingly, the staining in these cells appeared concentrated at the outer cell membranes. The localization of GPB-2 translation start sites. embryonic lethal [34] . This suggests that GPB-1 is involved in essential signaling functions, presumably as a component of G protein heterotrimers, while the sole function of GPB-2 may be to support RGS regulation of G protein signaling.
A GPB-2 knockout dramatically reduces the function of the EGL-10 and EAT-16 proteins
To assess the effects of the gpb-2 mutation on G protein of eggs present in the uterus at any time is determined by the balance between the rate of egg production and the rate of egg laying. While the number of eggs produced to neuronal cell membranes is consistent with a role for remains relatively fixed, the rate at which animals lay eggs GPB-2 in intercellular signaling, and is similar to the memis controlled by the opposing activities of the G proteins brane localization of mammalian G␤ 5L in ROS [7, 25, 26] GOA-1 and EGL-30, which are in turn controlled by the and the localization of G␤ 5 in mouse brains, which is RGS proteins EGL-10 and EAT-16, respectively ( Figure  50% -70% on membranes [7, 26, 27] . EGL-10 and EAT-1). Therefore, the number of unlaid eggs that accumulate 16, like GPB-2, are also expressed in most or all neurons, inside the adult can be used to measure the level of although we cannot exclude the possibility that rare cells function of the EGL-10 and EAT-16 RGS proteins. may exist that do not express all three proteins [17, 32] . These expression patterns are consistent with the idea Wild-type adult animals accumulate 15.8 Ϯ 1.5 unlaid that GPB-2 and these GGL-containing RGS proteins form eggs within their uterus. A representative wild-type adult complexes in vivo [17, 32] . GPB-2-specific staining was is shown in Figure 5a and quantitation of egg-laying bealso observed in wild-type animals on the outer memhavior is shown in Figure 5b . Mutations in egl-10 and eatbranes of body wall muscles ( Figure 3c ). The body wall 16 have dramatic and opposite effects on the rate of egg muscles are used in locomotion behavior, the frequency laying. egl-10 mutant animals are egg-laying defective and of which is controlled by the RGS proteins EGL-10 and retain many unlaid eggs, whereas eat-16 mutants are hy-EAT-16 [17, 32] . Both EGL-10 [17] and EAT-16 [32] peractive in egg laying and retain very few eggs (Figure expression have been detected in body wall muscles, but 5a). Animals that are mutant in both egl-10 and eat-16 specific localization of these proteins to the outer cell appear to be nearly wild type with respect to egg-laying membranes has not been clearly demonstrated.
( Figure 5b ). Thus, the opposing effects of the egl-10 and eat-16 mutations counteract each other. The biological
Isolation of a GPB-2 knockout mutation purpose for which these two regulators exist, other than Knockout mutations of three GGL-containing RGS proto counteract each other, remains obscure. teins has previously been analyzed [17, 28, 32] , but G␤ 5 has not been knocked out to establish how it contributes When we analyzed the gpb-2 mutant, we found that its to RGS function and whether it has RGS-independent egg-laying behavior resembled that of both the wild type functions in vivo. If GPB-2 forms complexes with both and eat-16; egl-10 double mutant animals (Figure 5a ,b). EGL-10 and EAT-16 in vivo, loss-of-function alleles of This result is consistent with GPB-2 either having no gpb-2 might be expected to have dramatic effects on the role in egg laying or with GPB-2 being required for the function of these two RGS proteins. We screened a library function of both EGL-10 and EAT-16. of mutagenized animals for null alleles of gpb-2. One deletion allele (vs23) was recovered from this library ( Figure  We can distinguish between these alternatives by analysis 4). Sequence analysis revealed that this deletion removed of egg-laying behavior in mutant animals that contain only 1272 base pairs of genomic DNA including 560 base one of the two RGS proteins. In egl-10 mutants, EAT-16 pairs from the promoter region of gpb-2, as well as coding is the only GGL-containing RGS protein present. Comsequences from exons I, II, and III. vs23 is thus a preparison of the egg-laying behavior of egl-10 single mutant sumptive gpb-2 null allele. Homozygous gpb-2 mutants and gpb-2; egl-10 double mutant animals reveals the effects are viable, have normal brood sizes, exhibit no obvious of the gpb-2 mutation on EAT-16 function. Similarly, the developmental defects, and display no gross defects other effects of the gpb-2 mutation on EGL-10 function are than those associated with EGL-10 and EAT-16 function revealed by comparing eat-16 and gpb-2 eat-16 mutant (described below). This is in contrast to mutations in the gene encoding the other G␤ subunit, gpb-1, which are animals. We found that gpb-2; egl-10 double mutant animals exhibto the gpb-2 mutation, we used a gpb-2 transgene to rescue ited a dramatic increase in their egg-laying behavior when the effects that loss of GPB-2 appeared to have on egg compared to egl-10 animals (Figure 5a,b) . Egg-laying belaying in the egl-10 and eat-16 backgrounds. While loss of havior in gpb-2; egl-10 double mutant animals is similar to gpb-2 in both the egl-10 and eat-16 background had drathat observed for eat-16; egl-10 double mutants, indicating matic effects on egg-laying behavior, these effects were that GPB-2 is required for EAT-16 function. In analogous completely rescued by expression of the gpb-2 transgene experiments, we also found that GPB-2 is required for (Figure 5c ). The reduction in EGL-10 and EAT-16 activi-EGL-10 function. gpb-2 eat-16 double mutant animals ties observed in gpb-2 mutants are, therefore, caused by showed a dramatic decrease in egg-laying behavior comthe gpb-2 mutation. pared to eat-16 mutants (Figure 5a,b) . Egg-laying behavior in gpb-2 eat-16 double mutants is similar to that of eat-16;
The gpb-2 knockout reduces the functions of EGL-10 egl-10 double mutant animals, indicating that the loss of and EAT-16 in a second behavior, locomotion GPB-2 reduces EGL-10 function. We conclude that Locomotion is a second behavior regulated in C. elegans removal of GPB-2 greatly reduces the activity of both by the opposing G protein signaling pathways of GOA-1 EGL-10 and EAT-16 in vivo. These two strong but counand EGL-30. We analyzed the locomotion behavior of teracting effects result in the relatively mild egg-laying wild-type and mutant animals to determine whether defects observed in gpb-2 single mutants.
GPB-2 also affected the functions of EGL-10 and EAT-16 in this behavior. Wild-type animals exhibit 11.5 Ϯ 3.0 We examined gpb-2 eat-16; egl-10 triple mutant animals body bends per minute ( Figure 6 ). egl-10 and eat-16 muand found that they behaved similarly to eat-16; egl-10 tants exhibit dramatic and opposite defects in locomotion double mutant animals in egg-laying assays (data not behavior. egl-10 mutant animals are sluggish compared to shown). These experiments thus failed to detect any functhe wild type. This is analogous to the effect that the egl-10 tion for GPB-2 in the absence of EGL-10 and EAT-16. mutation had on egg-laying behavior. eat-16 mutants, conversely, are hyperactive in movement. eat-16; egl-10 double mutant animals display a locomotion behavior beEffects of the gpb-2 knockout mutation can be rescued tween that of egl-10 and eat-16 mutants ( Figure 6 ). The by a gpb-2 transgene gpb-2 single mutant had only modest defects in locomoTo ensure that the reduction of EGL-10 and EAT-16 activity observed in gpb-2 mutants is directly attributable tion, demonstrating a slight increase over the wild type. To isolate the interactions of GPB-2 with EGL-10 and the right, along with the approximate molecular weights of the proteins.
EAT-16, we again examined the effect of the gpb-2 muta-
The results shown are representative of those seen in four tion in strains in which only one of these GGL-containing experiments with different protein-loading levels and multiple film exposure times.
RGS proteins was present. Our results analyzing locomotion behavior are analogous to those obtained with the egg-laying assay. The gpb-2 mutation caused a strong increase in behavior in the egl-10 mutant background, and the full activity of EGL-10 and EAT-16 proteins in vivo. caused a strong decrease in behavior in the eat-16 backIf GPB-2 forms obligate dimers with EGL-10 and EATground ( Figure 6 ). This suggests that gpb-2 is required 16, mutations that eliminate one partner of these heterofor the opposing functions of both EGL-10 and EAT-16 dimers might be expected to affect expression or stability in locomotion.
of the other partner.
We have thus shown, by examination of egg-laying and Whole worm lysates prepared from wild-type and mutant locomotion behaviors, that GPB-2 is required for the full animals were analyzed by Western blot for the presence activity of both GGL-containing RGS proteins in vivo.
of GPB-2 and EGL-10 ( Figure 7 ). Affinity-purified GPB-2 We propose that gpb-2 single mutant animals have relaantibodies recognized two proteins of about 42 and 44 tively mild defects because mutating gpb-2 has equal and kDa in wild-type lysates, and both of these proteins were opposing effects on behavior by reducing the activities of absent in lysates from gpb-2 mutants. These results demboth EGL-10 and EAT-16. The effect of the gpb-2 mutaonstrate that GPB-2 exists in two forms in C. elegans. This tion on either behavior was only clearly seen in a genetic is analogous to the two forms of G␤ 5 found in mammals, background in which only one of these RGS proteins was and could result from alternative translational start sites expressed. In these backgrounds, the phenotype observed ( Figure 2) . A dramatic reduction in GPB-2 levels was upon removal of GPB-2 can be attributed to the effect observed in eat-16 mutant animals. While the reduction of GPB-2 on the remaining RGS protein. While the formal of GPB-2 levels was modest in egl-10 mutants, the egl-10 possibility remains that GPB-2 may have additional efmutation caused a dramatic further reduction of GPB-2 fects independent of EGL-10 and EAT-16, our results protein in the eat-16 background. Notably, both forms indicate that the primary function of GPB-2 is to support of the GPB-2 protein were reduced in these mutants. the opposing activities of these RGS proteins.
Conversely, gpb-2 mutant animals exhibited a dramatic reduction in the abundance of the EGL-10 protein when
GGL-containing RGS proteins and GPB-2 depend
compared to the wild type. The levels of the G␣ protein on each other for expression or stability GOA-1 were not affected in these animals. We do not Classically, G␤ proteins form obligate dimers with G␥ have antibodies available that recognize EAT-16, but by proteins, and these tightly associated dimers function as a unit [35] . We have shown that GPB-2 is required for analogy to the case of EGL-10, we expect that EAT-16 their overexpression in a wild-type background. That is, EGL-10 overexpression reduced the number of unlaid eggs, and overexpression of EAT-16 caused the opposite effect. The reduced magnitude of RGS function in the absence of GPB-2 can be accounted for, at least in part, by the reduced stability or expression of RGS proteins in the absence of their G␤ partner. These results suggest, however, that both EGL-10 and EAT-16 can detectably inhibit their normal G␣ targets in the absence of GPB-2.
Discussion
gpb-2 mutant animals are viable, appear healthy, and produce normal-sized broods. In fact, we do not observe any defects in gpb-2 mutant animals other than those that can EGL-10 and EAT-16 have residual activity in the absence of GPB-2.
be directly attributed to a reduction in EGL-10 or EATNumbers indicate the average unlaid eggs of 30 animals per strain.
function. This is very different from the embryonic
Error bars indicate the 95% confidence interval of the mean. EGL-10 lethal phenotype observed for animals lacking the other was overexpressed using the transgene nIs51, which contains C. elegans G␤ subunit, GPB-1, and suggests that GPB-1 multiple copies of genomic egl-10 DNA. EAT-16 was overexpressed using the transgene vsIs12, which contains multiple copies of and GPB-2 have different in vivo functions. GPB-1 is genomic eat-16 DNA.
more than 80% identical to G␤ 1 -G␤ 4 [34] , and it has been long recognized that the G␤ 1 -G␤ 4 subunits dimerize with G␥ subunits. It is therefore likely that GPB-1 functions bound to the G␥ proteins of C. elegans. Studies of mammaprotein levels would be reduced in gpb-2 mutant animals.
lian G␤ 5 are consistent with our genetic results in C. eleWe conclude that most or all GPB-2 protein exists in a gans, and suggest that G␤ 5 forms complexes exclusively complex with a GGL-containing RGS protein (either with GGL-containing RGS proteins in vivo and not with EGL-10 or EAT-16) in vivo, and that when a member of conventional G␥ subunits. In RGS9 knockout mice, G␤ 5L an RGS/GPB-2 complex is removed through mutation, was reduced to undetectable levels in retinal homogethe expression or stability of the other partner is diminnates, suggesting that G␤ 5L normally exists entirely in ished.
complexes with RGS9 [28] . Furthermore, in ROS-solubilized membrane extracts, quantitative immunoprecipita-
Overexpression of EGL-10 and EAT-16 in gpb-2 mutant
tion of RGS9 coprecipitates all detectable G␤ 5L from the animals reveals little RGS activity in the absence extract [25] . Similarly, immunoprecipitation of G␤ 5L reof GPB-2 moves all RGS9 from the extract, suggesting that neither The observation that egl-10 and eat-16 mutations had sigprotein exists in any significant amount free from the nificant effects on both locomotion and egg laying in the other. No G␥ protein could be detected in these G␤ 5L gpb-2 mutant background (Figures 5b and 6) suggested immunoprecipitates. Likewise, immunoprecipitation of that EGL-10 and EAT-16 might have some residual activ-G␤ 5 from mouse brain membranes coprecipitated RGS6 ity in the absence of GPB-2. In addition, the Western and RGS7, but these immunoprecipitates did not contain analysis shown in Figure 7 demonstrated that while EGLany detectable G␥ subunits [26, 27] . 10 protein levels were greatly diminished, there was some residual EGL-10 protein present in gpb-2 mutant animals.
We found that GPB-2 is required for the regulation of To determine whether EGL-10 and EAT-16 have any two G␣ protein classes in C. elegans. GOA-1, the C. elegans activity in the absence of GPB-2, we examined gpb-2 ortholog of G␣ o , is regulated by EGL-10, and our data mutant animals that overexpress EGL-10 or EAT-16.
show that EGL-10 requires GPB-2 for activity. This is in Overexpression was accomplished using the transgenes agreement with studies of mammalian RGS6, 7, and 11 nIs51 and vsIs12, multicopy arrays of the egl-10 and eat- 16 proteins, in which complexes of each of these RGS progenes, respectively. Overexpression of these RGS proteins teins with G␤ 5 specifically activated the GTPase activity should amplify any residual activity they might have in the of G␣ o but not of other G␣ classes in vitro [13, 31] . Seabsence of GPB-2. When examined in a gpb-2 background, quence comparisons indicate that EGL-10 is the C. elegans overexpression of EGL-10 caused a small but statistically ortholog of mammalian RGS7, and so in this case the significant decrease in the accumulation of unlaid eggs specificity of the RGS-G␤ 5 complex in vitro matches that (Figure 8) . Conversely, EAT-16 overexpression in a gpb-2 observed in vivo. EGL-30, the C. elegans ortholog of G␣ q , background caused a small but statistically significant inis specifically regulated by EAT-16, and our results show crease in the number of unlaid eggs. For both RGS that EAT-16 requires GPB-2 for its function. While none proteins, these effects were qualitatively normal but severely reduced in magnitude compared to the effects of of the mammalian RGS-G␤ 5 complexes tested was able to activate the GTPase activity of G␣ q subunits in vitro, the G␤ 1 -G␤ 4 subunits contact G␣ subunits as part of our results show the potential for G␣ q inhibition by RGS-G␣␤␥ heterotrimers, so too G␤ 5 subunits might contribute G␤ 5 complexes and suggest that such regulation may also to interactions of RGS-G␤ 5 complexes with their G␣ taroccur in mammals. It has been proposed that RGS7-G␤ 5 gets. The nature and outcome of this contribution, howcomplexes could regulate G␣ q signaling when these proever, remains unclear. In vitro studies have suggested that teins are coexpressed in cell culture experiments [26] .
complexing with G␤ 5 might cause RGS proteins to shift their specificity away from G␣ q and toward G␣ o [13, 31] . We found that animals lacking GPB-2 had diminished However, our genetic experiments indicate instead that levels of EGL-10 protein and conversely, animals carrying both G␣ o and G␣ q in C. elegans are regulated by RGS-G␤ 5 mutations in either EGL-10 or EAT-16 showed reduced complexes. It appears that neither the analysis of the levels of GPB-2. This suggests that GPB-2 forms obligate purified RGS-G␤ 5 complexes nor the genetic study predimers with both EGL-10 and EAT-16, such that when sented here has yet fully revealed their roles in G protein a member of the GPB-2/RGS complex is removed through signaling. mutation, the expression or stability of the other partner is diminished. These results are analogous to results ob-
Conclusions
tained with a mouse RGS9 knockout mutation, which By analysis of C. elegans mutants lacking the G␤ 5 -like eliminated detectable G␤ 5L in the retina without affecting protein GPB-2, we have demonstrated that this G␤ sub-G␤ 5L RNA levels [28] . In cell culture overexpression exunit is essential for the function of both EGL-10 and periments, mammalian RGS and G␤ 5 proteins have been EAT-16, the two RGS proteins in C. elegans containing a G shown to stabilize each other [26] . The increased stability gamma-like (GGL) domain. The formation of RGS-G␤ 5 of GGL-containing RGS proteins when complexed with complexes appears to be critical for the stability of all G␤ 5 is analogous to the increased stability of G␥ and proteins involved. In vivo, RGS-G␤ 5 complexes are re-G␤ 1 -G␤ 4 proteins when dimerized with each other [36, sponsible for the control of both G␣ o and G␣ q signaling. 37]. Like the conventional G␤␥ complex, the RGS-G␤ 5 gpb-2 mutants do not have obvious defects other than association is quite stable, as these complexes copurify those attributable to the loss of EGL-10 and EAT-16 through multiple chromatographic separations [24, 25, 27] .
function, suggesting that the primary and perhaps sole This suggests that GGL-containing RGS proteins and function of this G␤ protein is to support RGS inhibition G␤ 5 always exist and function as complexes in vivo.
of G protein signaling. This contrasts with the role of traditional G␤ subunits that function in signaling as G␤␥ The question arises as to whether G␤ 5 -and GGL-condimers. Given the similarity between G␤ 5 proteins and taining RGS proteins absolutely require each other for all traditional G␤ subunits, it is possible that, on a mechanisfunctions. We noticed that the phenotype of the gpb-2 tic level, both G␤␥ and RGS-G␤ 5 complexes may interact mutant is not precisely identical to that of the eat-16; eglwith G␣ proteins in structurally related manners. These 10 double mutant. Because the egl-10 and eat-16 mutations two types of G␤ complexes have evolved to play very have significant effects in the gpb-2 mutant background, different roles in G protein signaling, however. the EGL-10 and EAT-16 proteins must retain some function in the absence of GPB-2. These effects are seen most clearly in the locomotion assay ( Figure 6 ). For example, . vide an opportunity to detect their GPB-2-independent residual activity. In such experiments, we found that both
Materials and methods

EGL-10 and EAT-16 can detectably inhibit their normal
Detailed protocols for many of the methods used in this work are available G␣ targets in the absence of GPB-2, albeit at greatly electronically at http://info.med.yale.edu/mbb/koelle/. reduced levels.
gpb-2 knockout mutation and strain construction
Experiments presented in this work demonstrate that Worms were cultured and bred using standard methods [38] . The geno-GGL-containing RGS proteins in C. elegans require a G␤ 5 -types of double and triple mutant strains were verified by analysis of like subunit, GPB-2, for function. On the simplest level, PCR products that were amplified from the genes involved. The gpbthis requirement could be explained by the lack of stabil-2(vs23) deletion mutation was identified by the method of Liu et al. [39] using a PCR screen of DNA from a frozen C. elegans mutant library ity or expression of these RGS proteins in the absence ing. Two cDNA clones, yk186f6 and yk429b11, were obtained from Dr.
Analysis of gpb-2 transcripts
RGS11 and other RGS proteins specifies binding to G␤5
Yuji Kohara (National Institute of Genetics, Japan). RACE products were subunits. Proc Natl Acad Sci USA 1998, 95:13307-13312.
amplified from poly-A-selected C. elegans RNA using Marathon cDNA 14. Levay K, Cabrera JL, Satpaev DK, Slepak VZ: G␤5 prevents the amplification reagents (Clontech). and bound antibodies were eluted with 100 mM glycine-HCl (pH 2.5).
RGS7-G␣o interaction
that specifically interacts with the trimeric G protein G␣i3,
The GOA-1 antibody was raised and affinity purified similarly using the is a member of a protein family with a highly conserved core bacterially expressed His 6 -tagged GOA-1 protein. 
